Background. There is increasing evidence that tumor hypoxia plays a significant role in the chemoresistance of melanoma, but to our knowledge, real-time tumor oxygenation during isolated limb infusion (ILI) has not been studied. We sought to demonstrate the feasibility of measuring real-time alterations in tissue oxygenation. Methods. Consecutive patients with histologically confirmed in-transit melanoma were enrolled onto a prospective single-arm pilot study and administered the hypoxia marker drug EF5. All patients were treated with ILI. Optical spectroscopy readings were obtained at three locations: two discrete target lesions and one normal skin control. Measurements were taken at 11 predefined time points during ILI. Results. A total of six patients were enrolled onto this pilot study. Intratumor and normal skin optical spectroscopy readings were found to have discrete inflection points throughout the duration of therapy, corresponding with established time points. Baseline hypoxia as measured by both optical spectroscopy and EF5 immunofluorescence was variable, but on the basis of optical spectra, tumors appeared to become more hypoxic compared to normal skin after tourniquet application. The optical hypoxia signature was variable between patients while hemoglobin absorption increased.
ABSTRACT
Background. There is increasing evidence that tumor hypoxia plays a significant role in the chemoresistance of melanoma, but to our knowledge, real-time tumor oxygenation during isolated limb infusion (ILI) has not been studied. We sought to demonstrate the feasibility of measuring real-time alterations in tissue oxygenation. Methods. Consecutive patients with histologically confirmed in-transit melanoma were enrolled onto a prospective single-arm pilot study and administered the hypoxia marker drug EF5. All patients were treated with ILI. Optical spectroscopy readings were obtained at three locations: two discrete target lesions and one normal skin control. Measurements were taken at 11 predefined time points during ILI. Results. A total of six patients were enrolled onto this pilot study. Intratumor and normal skin optical spectroscopy readings were found to have discrete inflection points throughout the duration of therapy, corresponding with established time points. Baseline hypoxia as measured by both optical spectroscopy and EF5 immunofluorescence was variable, but on the basis of optical spectra, tumors appeared to become more hypoxic compared to normal skin after tourniquet application. The optical hypoxia signature was variable between patients while hemoglobin absorption increased.
Conclusions. To our knowledge, this is the first use of realtime optical spectroscopy to evaluate oxygenation and perfusion within melanoma lesions during regional chemotherapy. We report our development of this new noninvasive means of assessing tumor vascular function, which has the potential to be a powerful tool for noninvasive examination of the melanoma tumor microenvironment.
Although a number of promising advances have recently been made using targeted therapy approaches, melanoma chemoresistance continues to represent a major hurdle in the treatment of this malignancy. [1] [2] [3] Melanoma has long been thought to have intrinsic resistance to chemotherapy as a result of expression of drug-resistance proteins, but there is increasing evidence that these tumors possess altered vascular pathophysiology, which may act to limit drug delivery into tumor cells. 4 Regional treatment strategies for in-transit melanoma provide for a unique platform in oncology to develop a better understanding of how the tumor microenvironment affects chemotherapeutic drug delivery to these multifocal tumor deposits found between the site of the primary lesion and its regional draining lymph node basin. Current management of in-transit disease often employs regional chemotherapy in the form of isolated limb infusion (ILI) or isolated limb perfusion (ILP). These strategies are similar in concept, allowing for directed drug delivery and sequential tumor biopsies, but whereas ILP is performed in an oxygenated circuit, ILI is performed under profoundly hypoxic conditions.
Optical spectroscopy is an appealing method for noninvasively characterizing tissue oxygenation and blood flow, utilizing diffuse reflectance and fluorescence spectroscopies. The tissue is illuminated with visible and near-infrared light, and the optical features of the tissue are described on the basis of the measured absorption and scattering properties, which are determined primarily by oxygenated and deoxygenated hemoglobin. A number of preclinical studies have demonstrated that optical spectroscopy has the ability to noninvasively characterize changes in tumor oxygenation and physiology. [5] [6] [7] [8] [9] [10] Clinically, optical spectroscopy has been utilized in a number of areas, particularly in assessing the tumor biology of breast cancer and in predicting an individual's response to treatment. [11] [12] [13] [14] Although melanoma lesions have not been well studied using this approach, some work has been done in the discrimination of early melanoma from common and dysplastic nevi. 15 We believe that optical spectroscopy has potential to be a powerful tool for predicting individual treatment responses in patients with melanoma, particularly when utilized during regional therapy.
The objective of the current study was to demonstrate the feasibility of measuring real-time alterations in tissue oxygenation in advanced extremity melanoma. We define a technique for measuring tissue hypoxia variations in intransit lesions before and during an isolated regional limb infusion procedure.
METHODS
This study was approved by the Institutional Review Board at Duke University as part of a pilot study investigating the role of the HRHV axis in the tumor microenvironment of patients undergoing regional chemotherapy for in-transit melanoma. Patients with histologically confirmed in-transit melanoma were identified through the melanoma multidisciplinary clinics at Duke University Medical Center and were enrolled in this prospective nonrandomized single-arm study. Inclusion criteria consisted of all patients 18 years of age and older with histologically confirmed AJCC Stage IIIB/IIIC/IV extremity melanoma scheduled to undergo a regional chemotherapy procedure. Patients who were pregnant, had an IV dye allergy, or a history of any previous malignancy treated with radiotherapy and/or chemotherapy were excluded. All study patients were treated with ILI utilizing standard-of-care melphalan.
As part of the study protocol, patients were all given intravenous infusions of the hypoxia marker drug EF5 for future histologic comparisons. EF5 is a 2-nitroimidazole based on related radiosensitizing drugs, but synthesized with the primary purpose of detecting hypoxic cells. 16 The drug is metabolized and retained under hypoxic cellular conditions, has maximum sensitivity at low oxygen levels and has been demonstrated to provide hypoxia measurements at the single-cell level using standard immunofluorescence microscopy techniques. 17, 18 The optical spectroscopy equipment used in this study is not available commercially, and was designed and assembled at our institution. Custommade fiber optic probes were manufactured, and the spectrometer consisted of a 450 W xenon arc lamp, imaging spectrograph, double excitation monochromator, and Peltier-cooled CCD (Fig. 1) . Optical spectroscopy readings were obtained in the operating room by placing three separate fiber optic probes at three distinct anatomic locations: two on in-transit target lesions and one on adjacent normal skin to act as a control. The probes were placed in direct contact with the lesions or skin, and secured in place with a small transparent dressing (Fig. 2) . This is done noninvasively and without damage to the skin or tumor lesion of interest. Because of limitations regarding depth of visible light penetration into the tumor, superficial lesions are preferred to subcutaneous nodules if available. A piece of opaque gauze dressing was then applied on top, so as to prevent ambient light exposure from interfering with the measurements. To further facilitate intra-and inter-patient comparisons, we established a standardized timeline for our measurements at 11 predefined time points during ILI (Fig. 3) . We defined these times on the basis of important events during the course of a typical ILI procedure, which were points when significant interventions or physiologic changes were expected to occur. Specifically, the time points were defined as: baseline, pre-tourniquet, tourniquet application, papaverine introduction, immediately before melphalan administration, 1 minute into recirculation, 25 min into recirculation, 30 min into recirculation, postwashout, tourniquet release, and 5 min after reperfusion.
Once the spectroscopic information was acquired at each time point, optical hypoxia signatures were studied by   FIG. 1 Custom-made optical spectrometer consisting of a 450 W xenon arc lamp (arrowhead), imaging spectrograph, double excitation monochromator and Peltier-cooled CCD (arrow), fiber optic switch and cables (asterisk), and laptop computer looking at ratios of wavelengths strongly influenced by tissue hypoxia. Specifically, the ratio of 797:758 nm emission was considered, which corresponds to an isosbestic point where oxygenated and deoxygenated hemoglobin absorb equally (797 nm), normalized to a wavelength where deoxyhemoglobin has an absorption peak (758 nm). The use of an isosbestic point for analysis controls for changes in blood volume; thus, an increase in the wavelength ratio would be indicative of increased deoxyhemoglobin concentration due to hypoxia or pooled deoxygenated blood. To quantify tissue optical properties, we plan to use an inverse Monte Carlo model developed and validated by our group and reported previously. 19, 20 
RESULTS
Between July 2012 and January 2013, 13 patients diagnosed with in-transit melanoma underwent ILI at our institution. Of these, seven met study inclusion criteria. One patient refused participation in the study and received a standard-of-care ILI with melphalan but without optical spectroscopy or EF5 marker drug. Of the six remaining patients enrolled in the study, median patient age was 65 (range 63-75). The interval from initial melanoma diagnosis to study participation and ILI ranged from 4 months to 11 years, and mean Breslow thickness of the primary lesion was 1.43 mm. Five patients (83.3 %) had AJCC stage IIIC malignant melanoma at the time of study enrollment, and the remaining patient was designated stage IIIB as a result of lack of nodal involvement.
Optical spectroscopy readings of tumor and skin controls were found to have discrete stepwise inflection points throughout the duration of therapy, corresponding well with time points defined a priori in our timeline (Figs. 3,  4) . Baseline measures of the hypoxia signature revealed variability both between patients and among lesions within patients. There was also significant variability in baseline hypoxia in the tumor microenvironment as characterized using immunofluorescence microscopy of the intravenously administered hypoxia marker drug EF5 (Fig. 5) . Deoxyhemoglobin levels as demonstrated by optical spectroscopy rose abruptly upon tourniquet application and drug circulation, consistent with past observations that ischemia develops rapidly upon isolation of the limb from the systemic circulation. Interestingly, our preliminary results demonstrate that tumors appear to respond differently to tourniquet application as compared with infield normal skin controls. In many cases, tumors developed rapid and profound hypoxia, whereas normal skin control measurements had more modest elevations in deoxyhemoglobin throughout the procedure. Upon administration of papaverine into the limb circuit, there appeared to be a slight shouldering of the spectroscopy curve, possibly a result of superficial vasodilation leading to a transient decrease in local hypoxia of the skin and subcutaneous tissues. Upon release of the tourniquet, deoxyhemoglobin levels fell sharply, consistent with rapid reperfusion of the limb. Of note, regardless of differences in tumor and skin response to the tourniquet-induced hypoxia, during reperfusion, the probe measurements rapidly returned to their baseline levels and maintained their pretreatment relationships to each other.
Because of the limited sample size of this pilot study, no formal statistical comparisons can currently be drawn with respect to optical spectroscopy characteristics or patient outcomes. Although the patterns of hypoxia were similar among patients and between lesions, peak deoxyhemoglobin concentrations were variable between patients. For all patients, total hemoglobin was noted to increase at the surface probe positions during ILI.
DISCUSSION
Optical spectroscopy represents a novel tool for noninvasively assessing real-time changes in the tumor microenvironment of melanoma, specifically deoxyhemoglobin concentration and tumor blood volume. Using predefined time points, we were able to demonstrate that tumor hypoxia and blood volume are measurable at baseline and have an ensuing clear relationship with clinically relevant intervals throughout the procedure. We also demonstrate that total hemoglobin increases at our points of measurement during ILI, suggesting that superficial tissue perfusion, and possibly drug delivery, is increased during this time. To our knowledge, this is the first use of in vivo optical spectroscopy to evaluate oxygenation and perfusion in melanoma lesions during regional chemotherapy. We report our use of this new noninvasive means of interrogating tumor vascular function as part of a pilot study examining the role of tumor hypoxia in patients with in-transit disease. On the basis of our preliminary findings, we believe that optical spectroscopy has potential to be a powerful tool for noninvasive examination of the melanoma tumor microenvironment.
Hypoxia is thought to play a significant role in the tumor response to both radiotherapy and chemotherapy across numerous solid tumors. The extent of hypoxia present in the tumor microenvironment of melanoma remains poorly defined, and our baseline measurements of hypoxia before ILI are highly relevant to our understanding and characterization of this. Chronic low oxygen tension has a significant effect on tumor-specific immune response. As part of this, tumor hypoxia has been demonstrated to modulate the differentiation and function of immune cells, specifically through recruitment of tumor-associated macrophages and regulatory T cells. [21] [22] [23] Activation of HIF-1a may inhibit tumor-specific T-cell response, and baseline tumor hypoxia may therefore protect against a cytotoxic immune response, with implications for tumor progression and response. 24 Furthermore, ILI induces profound hypoxia in the infusion circuit, and although it is unknown how these hypoxic and acidic conditions might affect the tumor microenvironment, this may be important in augmenting the cytotoxicity of melphalan. [25] [26] [27] Early in vitro studies demonstrated that the combination of low oxygen tension and the consequent acidic pH found under hypoxic conditions led to an increase in the cytotoxic effect of melphalan on tumor cells. 28 Although it has not been demonstrated that this effect is preserved in vivo during ILIs, there is nonetheless a theoretical basis for this concept. Having a noninvasive means of characterizing hypoxia during the course of regional limb infusion procedures may be important for predicting tumor response.
In applying optical spectroscopy measurements to melanoma, a number of important points must be considered. One of the primary issues is target selection, and our preference is generally to use our clinically defined target lesions as our tumors of interest for optical measurements. These lesions, however, tend to be the largest available, usually to facilitate accurate measurements in assessing postoperative response. Often the lesion is larger than the probe sensor surface, and in such situations, it is our preference to place the probe sensor on the firmest area of the lesion, as the softer areas are presumed to have possibly already undergone necrosis. Although the optical probe is simply affixed to the lesion of interest, other local factors can also be important. As mentioned previously, limitations of light penetrance limit this technique to surface lesions and very superficial deposits. In the setting of limb lymphedema, often as a result of a previous lymph node dissection, measurements may be limited to only the most superficial lesions.
Although the current study is limited by small patient numbers, we hope that this preliminary work will set the stage for larger, more rigorous investigations utilizing optical spectroscopy to assess the tumor microenvironment in melanoma. As part of this, we hope to more thoroughly explore the relationship between hypoxia as measured by optical spectroscopy and by immunofluorescence microscopy using the hypoxia marker drug EF5. By combining optical spectroscopy with hypoxia immunofluorescence in future studies, we will be able to more accurately characterize the hypoxic distribution in the tumor microenvironment and validate our noninvasive means of assessing overall tumor hypoxia and perfusion. Additionally, the results of this study have focused solely on tumor interrogation during the profoundly hypoxic conditions of ILI, but in future efforts we plan to apply this same technology to well-oxygenated ILPs. Further studies are needed to fully develop this new means of interrogating tumor vascular function, with the eventual goal of guiding treatment and predicting individual treatment responses among patients with advanced stage extremity melanoma.
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